We propose a novel self-positioning and rolling magnetic microrobot (SPRMM) actuated by a magnetic navigation system. The proposed microrobot can effectively anchor or move on an arbitrary three-dimensional thin surface by overcoming external forces. Furthermore, we derive a no-slip rolling constraint equation for the SPRMM. We also examine the equilibrium characteristics of the SPRMM by utilizing the point-dipole model. Experiments demonstrating the locomotion abilities of the SPRMM in complex working environments are then conducted to verify the proposed SPRMM. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Microrobots manipulated by an external magnetic field have attracted great attention in many biomedical applications due to a simple structure and wireless maneuverability. 1, 2 Microrobots are expected to have various locomotion abilities useful for navigating through resistive environments and performing tasks ranging from micro-scale cell manipulation to targeted drug delivery, which cannot be controlled or well realized using conventional skills. 1 Since many biomedical procedures take place on a surface, many researchers have investigated various types of mechanisms to achieve effective locomotion abilities of microrobots on a surface. [2] [3] [4] [5] Pawashe et al. proposed a microrobot actuated by external magnetic fields using dynamic stick-slip motion on a surface. 3 Hou et al. proposed a rolling locomotion method to effectively control a microrobot on a horizontal thin surface using a rotatable magnet actuator. 4 Mahoney and Abbott showed that a rotating dipole field with a non-constant rotating speed can induce a lifting force on a microrobot. 5 However, these microrobots cannot move on arbitrary three-dimensional (3D) surfaces and do not have self-positioning ability to maintain its current position even after turning off the external magnetic field. The self-positioning ability of a microrobot is especially important for the performance of various tasks in complex working environments. 1, 6 In this paper, we propose a novel self-positioning and rolling magnetic microrobot (SPRMM) which can effectively anchor or move on an arbitrary 3D thin surface overcoming external resistive forces (Fig. 1) . The proposed SPRMM is composed of two independent modules 1 and 2 (M1 and M2). M1 is a simple spherical magnet magnetized in one direction, and M2 is composed of an even number of identical magnets (e.g., 4, 6, 8, etc.) whose magnetizations are symmetrically and periodically arranged in a spherical magnet holder so that the overall magnetization of M2 equals zero (Fig. 1) . M1 is placed on one side of the surface, while M2 is placed on the opposite surface. M1 and M2 may change their relative positions. We derive a constraint equation for the no-slip rolling locomotion of the SPRMM. Equilibrium characteristics of the SPRMM are also examined by utilizing the point-dipole model. We then demonstrate several locomotion abilities of a prototyped SPRMM to show its validity.
II. DEVELOPMENT OF A SELF-POSITIONING AND ROLLING MAGNETIC MICROROBOT
The magnetic torque and force exerted on a permanent magnet in a magnetic field can be expressed by the following respective equations:
(1)
where m and B are the magnetic moment of the magnet and the applied magnetic flux density, respectively. From Eq. (1), assuming that a magnet can align with the applied field, it can be assumed that the orientation of the magnet explicitly matches the applied field. Thus, the rolling locomotion of a spherical magnet such as M1 can be controlled along arbitrary rolling paths by utilizing the following equation of external rotating magnetic field (ERMF) ( Fig. 2 ): where B 0 , x, N, and U are the magnitude and angular velocity of the ERMF, a unit vector of the rolling axis, and a unit vector normal toÑ, respectively. Also, a magnet itself generates a magnetic field, which can be specified by the pointdipole model as follows:
where l 0 , R, and R are the permeability of free space, the vector from the magnet to a point, and the magnitude of this vector, respectively. When M1 is rolled along a 3D rolling path by an ERMF, M2 is not affected by the ERMF because the overall magnetization of M2 is zero due to magnetic symmetry. However, from Eqs. (1)- (4), the rotating dipole field from M1 generates a 3D aligning magnetic torque for M2 residing on the other side of the surface. Thus, the plane of magnetization of M2 can always match that of M1 (xy-plane), and M2 can move along the same direction of M1 in an arbitrary rolling path (Fig. 1) . In the meantime, the rotating dipole field also generates an attractive magnetic force, which allows M1 and M2 to stably roll without separation while overcoming external resistive forces such as gravitational or fluidic drag forces. Considering the magnetization pattern of M2, the geometric condition that allows M1 and M2 to simultaneously and continuously roll without slip can be derived as follows ( Fig. 1) :
where r 1 , r 2 , and n 2 are the radii of M1 and M2 and the number of magnets in M2, respectively. By satisfying Eq. (5), the relative position of M2 with respect to M1 will always remain the same. Assuming the quasi-static condition that the rolling speeds of M1 and M2 are relatively slow, the relative movement of M2 with respect to the rolling of M1 can be considered to be a series of instant equilibrium positions. Equilibrium positions of M2 at which the net torque and force equal zero can be calculated using Eqs. (1), (2), and (4). When the ERMF is removed, M1 and M2 can still be self-positioned in every equilibrium position along the rolling path (e.g., [/,h] ¼ [0 ,0 ]) against external disturbances without energy consumption due to the attractive magnetic force and aligning magnetic torque of M1 and M2 (Fig. 1) . This ability is quite useful when the SPRMM is designed to release drugs or to capture objects steadily and effectively, especially in mobile environments. Therefore, the proposed SPRMM can be effectively manipulated on an arbitrary 3D thin surface by simply controlling the ERMF.
III. RESULTS AND DISCUSSION
In this study, we constructed an experimental setup to verify the locomotion abilities of the proposed SPRMM (Fig. 3) . We first prototyped M1 and M2, where M1 is a simple spherical neodymium magnet with a radius of 2 mm, and M2 is composed of two hemispherical magnet holders with radii of 4 mm (Fig. 4) . Considering the required minimum number of magnets in M2 needed to produce magnetic symmetry, four identical neodymium cylindrical magnets (n 2 ¼ 4) were chosen and inserted into the magnet holders of M2 (Fig. 4) . The magnet holders were prototyped by 3D-printing technology using an ultraviolet curable acrylic plastic (UVCAP) material. The magnetizations of M1 and M2 are 955 000 A/m, while the masses of M1 and M2 are 251 mg and 436 mg, respectively.
We then examined the self-positioning ability of the prototyped SPRMM under no ERMF. When M2 is fixed at a position, variations of the internal magnetic torque and force of M1 due to the rolling displacement on a surface without slip are calculated with respect to the static equilibrium posi- (Fig. 5 ). Fig. 5 shows that the internal torques and forces of the SPRMM always contribute to selfpositioning so that the SPRMM can restore its initial equilib-
Once the internal magnetic force of M1 and M2 is sufficient to sustain their weights and other resistive forces, M1 and M2 can stably roll on surfaces with varying thicknesses. The rolling distances of M1 and M2 can be calculated by multiplying the rotating angle with the radius. Fig. 6 depicts the rolling distances of M1 and M2 on surfaces with different thicknesses due to the rotation of M1. It shows that, even when M1 rolls with a constant speed, M2 rolls with a non-constant speed regardless of the surface thickness. Inertial effect due to the non-constant rolling speed may degrade the rolling ability of the SPRMM. 7 The self-positioning and rolling locomotion of the prototyped SPRMM was then demonstrated. A magnetic navigation system (MNS) was used to generate and to control various ERMFs (Fig. 3) . The MNS is composed of x-directional Helmholtz coil (HC), y-directional uniform saddle coil (USCy), and z-directional uniform saddle coil (USCz) so that they can effectively generate 3D ERMFs. 6 The major specification of the MNS is shown in Table I . From the programmed sequential ERMFs with a magnitude of 14 mT triggered by the control panel of the MNS, the SPRMM showed precise self-positioning and rolling locomotion along the designated circular rolling path on a vertical silicone panel (YZ-plane) with various rolling speeds ranging from 0.1 Hz to 10 Hz ( Fig. 7(a) ). The proposed SPRMM can also be applied to move along complex environments such as a 3D fluidic tube. When M1 rolled along the inner surface of a watery spiral silicone tube, M2 on the outer surface showed fine climbing rolling locomotion synchronized to M1 within a rolling speed of 0.1-8 Hz (Fig. 7(b) ). If required, M2 can climb along the inner surface of the tube, while M1 is rolling along the outer surface of the tube.
IV. CONCLUSION
We proposed a novel magnetic microrobot capable of effectively self-positioning and rolling on an arbitrary 3D thin surface. We derived a constraint equation for the stable rolling locomotion of the SPRMM and examined the equilibrium characteristics of the SPRMM. The prototyped SPRMM showed fine self-positioning and rolling locomotion in different environments. This research could be further extended to the utilization of the SPRMM for targeted drug and object delivery in various complex and mobile environments, such as membranes, tubes, containers, etc. 
